SUMMARY
The recent Natural Killer (NK) cell maturation model postulates that CD34 Among those proteins, S100A4 (Calvasculin) and S100A6 (Calcyclin) were selected to study their dynamic sub-cellular localization. Upon activation of human primary NK cells, both proteins are recruited into the immune synapse (NKIS), where they co-localize with Myosin IIa.
INTRODUCTION
Natural Killer (NK) cells are large granular lymphocytes that provide a first innate immune defense. They are able to kill virus-infected and transformed cells and furthermore release cytokines and chemokines to activate adaptive immune cells 1, 2 .
The balance of signals from activating and inhibitory NK cell surface receptors tightly regulates NK cell activity. Activated NK cells release lytic granules through a process called degranulation.
Therefore, NK cell cytotoxicity requires the formation of the F-actin-rich NKIS and the transport of Perforin-containing lytic granules to the NKIS. Furthermore, this process requires granuleassociated MYH9 protein (non-muscle Myosin IIa) mediating the interaction of granules with Factin at the NKIS [3] [4] [5] , leading to lytic granule exocytosis. Whereas related phenotypes and functional properties are well characterized, the underlying regulatory protein network mediating differentiation, cytokine release and cytotoxicity, is still incomplete.
NK cells are defined by the expression of the surface molecule CD56 (NCAM1) and the absence of the T cell receptor (TCR) associated protein CD3 and can be further subdivided into subsets 6, 7 . CD56 expressing cells originate from CD34 + HSCs. Notably, the commitment to the NK lineage includes discrete steps from HSC to cells, expressing high CD56 levels (CD56 bright ) 8, 9 , which act immune regulatory by the release of various cytokines. NK cells with low CD56-expression (CD56 dim ) predominantly constitute cytotoxic responses 10, 11 . Contact of CD56 (NCAM1) with fibroblasts 12 and neutrophils 13 supports the differentiation process from CD56 bright to CD56 dim NK cells. The progression of early differentiation steps is proven by telomere length investigation 14 and early presence in blood after HSC transplantation (HSCT) 14, 15 . Indeed, CD56 dim NK cells are able to change their phenotypic properties, which can be correlated with continued differentiation throughout their whole lifespan [15] [16] [17] [18] . CD57 was determined to be a senescence marker in T cells 19 . Recent studies determined CD57 . 4 Furthermore, the NK cell differentiation process is characterized by a reversible loss of NKG2A in parallel with an irreversible acquisition of KIRs and CD57 15 . Furthermore, CD57 + NK cells are characterized by a specialized phenotype that includes increased CD16-and Perforin-expression, reduced responsiveness to cytokines and decreased proliferation capacity. CD57 is mostly studied in the context of NK cell education that runs in parallel but un-coupled from NK cell differentiation 15, 17, 18 . The NK cell education process encompasses the acquisition of activating and inhibitory surface receptors, like KIRs, which in turn interact with HLA class I ligands, e.g. during viral infections 19, 20 . CD57 + NK cells can recognize Cytomegalovirus (CMV) and developed memory effects towards this virus 21, 22 . .
Mass spectrometry can identify and quantify proteins in a global and unbiased manner, and thereby certainly contribute to the elucidation of developmental processes and the acquisition of specialized functions. Proteomic studies on human NK cells are accomplished mainly at the level of NK cell lines, due to the scarcity of primary NK cell subsets. Cytotoxicity, but not development, was studied in NK-92 and YTS NK cells by 2D-PAGE and peptide sequencing approaches pending on activating signals [28] [29] [30] [31] [32] . At least one proteome study investigates ex vivo expanded primary human NK cells, and focuses on the characterization of kinases, involved in NK cell activation 33 . Attempts to unravel the basics of NK cell development in mice were successful 34 but not completely transferable to the human NK cell system due to a different set of surface receptors. Hence, several studies have contributed to our understanding of the role of surface receptors in different developmental stages, but studies targeting the regulation of intracellular proteins are still missing.
In this study we characterized distinct developmental stages of primary human NK cells by proteomics. To get better insight into the molecular mechanisms of the NK cell differentiation process we comparatively analyzed freshly isolated primary CD56 proteins involved in NK cell development and effector functions, we detected also 11 novel protein candidates so far un-described in NK cells. The expression patterns of S100A4 (UniProt accession name S10A4) and S100A6 (UniProt accession name S10A6), both belong to the family of S100 calcium binding proteins and contain two EF-hand domains, correlated with the developmental stages of cytotoxic NK cell subsets. Both proteins were recruited into the NKIS, following NK cell activation. containing CPDA-1. Peripheral blood mononuclear cells (PBMCs) were isolated from these buffy coat products by Biocoll density gradient centrifugation (Biochrome AG) on day 2. PBMCs were cultured overnight in RPMI 1640 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS) gold (PAA Laboratories), 2 mM L-glutamine, 50 units/ml penicillin and 50 μg/ml streptomycin (all Invitrogen) at 37°C in a humide 7.5% CO2 atmosphere.
EXPERIMENTAL PROCEDURES

Monoclonal antibodies and reagents
FACS sorting
PBMCs were incubated with fluorochrome-conjugated anti-CD3, anti-CD56 and anti-CD57 NK cells were used for each MS experiment. NK cells were lysed in ice-cold lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, protease inhibitor cocktail supplemented with EDTA, 1% Triton-X100) on day 3. Protein concentrations were determined using a NanoDrop spectrophotometer (ND-1000, Peqlab, Biotechnology GmbH, Erlangen). Proteins were extracted from lysates by chloroform/methanol precipitation as described previously 35 , and re-dissolved in dissolution buffer (50mM TEAB). Equal amounts of protein from each NK cell subset was digested with sequencing grade modified trypsin from Promega, as recommended in a ratio of 1:50 at 37 °C on day 3 overnight. Subsequently, digestion was completed by adding a further 1 μg of trypsin for 2 h to each sample. Labeling of tryptic peptides with isobaric iTRAQ 
Strong cation exchange chromatography (SCX)
The combined iTRAQ 
Protein quantification
The Scaffold software (Version Scaffold_3_00_01, Proteome Software Inc.) was used for relative quantification of protein expression in NK cell subsets. Mascot result files (.dat files) were uploaded into Scaffold and all identified proteins as defined by the criteria described above were considered for quantitative data analyses. For quantification, only unique peptides were used.
Scaffold provided normalized log2-regulation factors (RFs), basing on the iTRAQ Based on the previous estimation we are able to construct a hypothesis test for the identification of significantly regulated proteins. Thereby, the hypothesis of the test encompasses that a protein is considered to be significantly regulated if its mean regulation deviates significantly from 0. The function  represents the cumulative distribution function of the standard normal distribution. As previously shown, we propose a strict test 36 , where α is the significance level of the test (here α= 5%; before FDR correction) and where the absolute value of the log 2 -regulation exceeds a given .
Characterizing donor-specific variations
Although the blood donor volunteers were clinically approved to be healthy, we paid particular attention to determine potential individual variations.
A global inspection of regulatory data from each donor was performed by box plot analysis. NK cells. The 13 candidates include GRAH (Granzyme H) and GNLY (Granulysin), which were already previously described to be donor-dependently regulated in human primary lymphocytes 38, 39 (SUPPLEMENTAL FIGURE 2, SUPPLEMENT).
Another strongly deviating candidate is CD44, whose regulation occurs infection-dependently in mice and steers human postnatal thymocyte development 40, 41 . CD63 (Granulophysin) is well characterized in NK cells and was shown to be differentially regulated in decidual human primary NK cell subsets 42 . CATW (Cathepsin W) is exclusively expressed in CD8 + T cells and NK cells.
This protein may mediate cytolytic activity, but is not essentially involved in cytotoxicity 43 .
Unfortunately, donor-dependent expression patterns of CD44, CD63, CATW and the other proteins with high MAD values have not been accessed to this date in primary human NK cells.
In conclusion, donor dependent variations were observed to a minor degree (13 proteins among 3412) in this study. Regulations of well-described NK-specific proteins serve without exception as proof-of-concept data. A broader dynamic range of regulations coinciding with the step from which indicates a pivotal role especially in this early NK cell subset. In total 3 proteins showed continuous increase in expression during both differentiation steps, namely S100A4 19 (Calvasculin), S100A6 (Calcyclin) and LEG1 (Galectin-1). LEG1 was previously described in NK cells, but without NK cell subset-specific regulation. Of note, all three proteins were shown previously to be involved in the thymocyte differentiation process 52 . S100A4 and S100A6 are recruited to the NKIS and co-localize with Myosin IIa NK-cell cytotoxicity depends on the formation of the F-actin-rich NKIS and the Myosin IIa (MYH9) mediated transport of Perforin-containing lytic granules to the NKIS [3] [4] [5] . In this study, we detected MYH9 expression highest in mature CD56 dim (log2RF=0.7), but reduced in terminally maturated CD57 + NK cells (log2RF=0.1), confirming its relevance for cytotoxic NK effector functions. Like MYH9, other subset-specific proteins exhibit a similar expression profile, e.g. S100A4 and S100A6. Notably, MYH9 was previously shown to interact with S100A4 in murine fibroblasts (NIH3T3) and human endothelial cells (CSML-0 and -100) 44, 45 . Therefore, both proteins (S100A4 and S100A6) were selected for subcellular localization studies that were performed using cytotoxic CD56 FIGURE 6 and FIGURE 7, left panel) . Intensity of co-localization was determined with the help of 3D density surface plots, generated by ImageJ.
Microscopic investigation revealed time-resolved co-localization events of the here characterized NK cell proteins S100A4 and S100A6 together with MYH9. First co-localization between S100A4 and MYH9 was observed already after 5 minutes, formation of complete complexes after 10 20 minutes that peaked after 15 minutes, when specific recruitment and intense accumulation of this complex to the NKIS was observed (FIGURE 6). Instead, peak accumulation of the S100A6 and MYH9 complex occurred already after 10 minutes (FIGURE 7). The disassembly of this complex then starts immediately after 15 minutes whereas the S100A4 and MYH9 interactions lasted longer and started to disintegrate after 20 minutes and were apparent for further 10 minutes until full disintegration and detachment of the NK cell from the target cell.
To summarize, complex formation of S100A6 and MYH9 occurred very quickly, but between S100A4 and MYH9 much more intense and over a longer period of time. Hence, the microscopic investigation on the NK cell subset specifically regulated proteins S100A4 and S100A6, revealed distinct localization of both proteins at the NKIS after NK cell activation, followed by intense colocalization together with MYH9. . NK cell subset analyses mostly relied on FACS-based approaches and microarray analyses to determine subset specific protein expression from ex vivo expanded primary NK cells 11, 15, 37 . As a complementation of these approaches, mass spectrometry can provide an unbiased and systematic overview about protein expression and regulation in the distinct developmental stages. Here, we provide the first insight into the proteome of primary CD56 TABLE 6 ; SUPPLEMENT). This study also provides evidence for the specialization of terminally mature CD57 + NK cells, because expression of KIRs and broad coverage of CD16 signalingassociated components (50% of the whole pathway) were determined only for this NK cell subset. It has been shown previously, that the intensity of NK cell cytotoxicity occurs donordependently 48, 49 . Interestingly, donors of this study were clinically approved as healthy but statistical proteome analyses revealed slight but significant variations that might serve as markers to better understand these donor-variations. While the majority of identified regulations (TABLE 1 and TABLE 2) were found conserved and widely donor-independent, a limited number of protein regulation showed a MAD value higher than 0.3 (in summary 13 proteins). Among them we detected 9 proteins with significant regulations, crossing the statistical threshold 22 (SUPPLEMENTAL TABLE 7; SUPPLEMENT). Four of them, GRAH (Granzyme H), CATW (Cathepsin W) and CD63 (LAMP-3), are well-characterized NK cell specific proteins involved in cytotoxicity and antigen processing, whereas CD44 is also known as marker for early T cell development in the thymus. The other three, protein kinase C (PACN1), SH2 domain containing protein 1A (SH21A) and MAP kinase 3 (MK03), are generally involved in NK cell signaling but were characterized as regulated in distinct developmental stages here for the first time.
DISCUSSION
Unfortunately, the function of FETUA (Alpha-2HS glycoprotein) and CLIC3 (Chloride intracellular channel protein 3), showing most pronounced regulation, remain unknown in NK cells.
Particular attention was paid to determine statistically conserved NK subset-specific proteins.
Thirty six proteins were detected by this approach and functionally categorized. LEG1 (Galectin-1), S100A4 (Calvasculin) and S100A6 (Calcyclin) occurred with pronounced increasing expression profiles both during the first and the second maturation step, indicating their general relevance in NK cell biology. LEG1 was described previously as significantly expressed and secreted by activated Treg cells from mice and men 50, 51 . Furthermore, it was shown that LEG1, S100A4 and S100A6 promote thymocyte differentiation 52 . S100A4 and S100A6 belong to the calcium-binding family of S100 proteins and are generally involved in cell cycle progression and differentiation. For S100A4 a direct interaction with MYH9 was determined at the leading edge of migrating cells, which naturally contains a high calcium concentration 45 . Since MYH9 is also known to play an important role by mediating the interaction of cytotoxic granules with F-actin for further transport to NKIS [3] [4] [5] , we were wondering whether S100A4 and S100A6 are involved in these processes. Time-resolved localization studies actually revealed the recruitment of S100A4 and S100A6 together with MYH9 to the NKIS in cytotoxic CD56 dim NK cells, with peak levels after 10 and 15 minutes (see FIGURE 6 and FIGURE 7) . These findings confirm their involvement in NKIS-mediated responses, although their direct functional contribution remains at this time un-characterized. S100A4 can regulate MYH9 activity 45 and might be an indirect mediator of cytotoxic granule transport. 23 Further candidates were detected regulated mostly at individual developmental stages, and their functional characterization will likely help to unravel the unique capabilities of distinct NK subsets: The AK1C3 (Aldo-ketoreductase family 1 member C3) converts steroid aldehydes and ketones into alcohols and may play a role in controlling cell growth and/or differentiation. AK1C3 was previously shown to be expressed in NK cells and was also suggested as marker for "healthy and normal" NK cells 53 . This proteomic study revealed a subset-specific expression profile for AK1C3 that was detected most abundant in cytotoxic CD56 
